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Abstract

A modification of the Extended UNIQUAC mode is proposed for the
description of the non-idedity of protein solutions. Here the Staverman-Guggenhem
combinatorial contribution used in Extended UNIQUAC is replaced by the Hory-
Huggins term to take into account the size differences between the protein and solvent
molecules. This new modd dlows an excdlent description of the activity coefficients in
protein sysems, for a large range of pH and ionic strengths, with a reduced number of
parameters.

Introduction

With the development of biotechnology the interest in production of proteins by
microorganisms is quickly increasing. Proteins obtained by fermentation are produced
in complex broths containing inorganic sAts, sugars, organic acids and cdls from where
the recovery of the higher vaue compounds may prove difficult. A number of methods
for protein purification, applicable a bench scae, have been developed (Scopes, 1994).
However the scale-up and optimisation of these techniques a an indudrid levd it is
only possble if a mathematica description of the process is available. For that purpose
the thermodynamic description of the protein nontidedity in the broth and its
dependence on the pH, ionic drength, temperature and on the presence of secondary
compounds such as sugars (Smple or polysaccharides) and polymersis essential.

A number of attempts to describe the behaviour of proteins in solution have been
reported in the literature. Most approaches are based on the Potential of Mean Force
(Haynes et d., 1992; Kuehner et d., 1996; Tavares and Sandler, 1997) or on equations
of state based on hard sphere interaction potentias (Hino and Prausnitz, 1999). Excess
Gibbs energy models have seldom been applied to the description of protein systems.
Engineering locd composition modds such as UNIQUAC, UNIFAC or NRTL dthough
very used for amino acid systems (Pinho et d., 1994; Gude et d., 1996; Khoshkbarchi
and Vera, 1998; Bellot et d., 1999; Soto et d., 1999) with some success, were applied
to proteins only by Agena et d. (Agena et d., 1997 and 1999) in collaboration with one
of the authors. Agena's work it is, however, a very crude approach to the modeling of
proteins in solution as a conventiond UNIQUAC modd is used, not taking into account
the large dze differences between the protein and solvents, neither consdering the long
range forces that arise from the eectrodtatic interactions between the protein and the
solvent.

On this work it will be shown that a new § mode, developed by modifying the
Extended UNIQUAC modd, can provide an excdlent description of the activity
codffidents of the protein in solution with a reduced number of parameters and that
these parameters can be used to predict the behaviour of the protein a pH's and ionic
drengths other than those used for the parameter edtimation. The protein activity
coefficients derived from the osmotic pressure data reported by Haynes et d. [2] for the
a-Chymotrypsin are used to vaidate the proposed mode!.

Model

The Extended UNIQUAC mode has been proposed for the description of
dasscd dectrolyte systems, i.e. agqueous systems of smdl (~4 A), inorganic ions with a



charge of 1 or 2 such as Na', K* CI' or SO,* (Nicolaisen et d., 1993; Thomsen et 4.,
1996). It has never been agpplied to organometdlic eectrolytes neither to any sort of
organic dectrolytes. Nevertheless the mode proved to be very successful in the
description of SLE and VLE for inorganic systems, as wdl as for a number of other
properties such as osmotic coefficients, heat capacities and heats of solution. For this
reason it was chosen among the different eectrolyte models available for the description
of behaviour of proteinsin solution.

Proteins differ from the smal inorganic ions in size (typicdly larger then 40 A

with molecular weights higher than 20000 ), in complexity (they possess a large and
diversfied number of functiond groups and daborate structure), and in charge (proteins
can change from a net charge of +60 to -60 within a few pH units). For such system the
excess Gibbs energy will have three contributions
GE = G(I:Eombinatoial + C;Fliesidual +Gl§ebye~ Huckel (1)
The combinatorid term will account for the entropic interactions arigng from sze and
shape differences between the molecules. The Extended UNIQUAC uses the
StavermanGuggenheim term to represent these interactions. However it is known tha
for vay asymmetric sysems the StavermanGuggenheim does not produce a good
description of the non-idedity of the systems (Kikic et d., 1980; Kontogeorgis et 4.,
1993) and it was replaced by the Flory-Huggins term to better take into account the very
large sze differences between the protein, the water and the other ions. As shown in
Figure 1, dthough for protein concentrations higher than 1 mol% the two terms are
virtudly identicd, for dilute solutions the StavermanGuggenhem shows a very
implausible behaviour. The Fory-Huggins combinatorid term here used is given by:
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The combinatoria-free volume terms usudly used for polymer solutions (Kontogeorgis
et da., 1993) were not adopted since the water has a free volume smilar to polymers
(Rasmussen and Rasmussen, 1989) and thus it is not necessary to use a free volume
contribution for polymer agueous systems.

The UNIQUAC reddua term that accounts for the energetic short-range
interactionsis
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where g are the UNIQUAC surface area parameters, ¢ the surface area fractions and
the parameter y i is given by
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with the UNIQUAC interaction parameters ugy=Uui. The surface area parameter for the
protein ,=700.2723 was obtained from a correlation by Agena et a. (1997). The
parameters for water (g,=1.400) were obtained from Thomsen et d. (1996).

Despite the change in the combinatorid term it was assumed that the UNIQUAC
parameters available in the Extended UNIQUAC parameter table for the ionrion, ion
water and water-water interactions can be used without reestimation. This was found
acceptable in previous works where UNIQUAC or UNIFAC interaction parameters
fitted to smdl molecules with a given combinatorid term are used for polymer systems
with a new combinatoria term (Kontogeorgis et al., 1993; Coutinho and Stenby, 1996).
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The reason for this can be understood from Figure 1. For concentrations higher than 1
mol % the vaious combinatorid terms are essentidly identicdl. Since for dmple
systems most of the data avalable belongs to the region where the two combinatoria
terms are identica, interaction parameters adjusted for the Hory-Huggins would be
gmilar to the parameters obtained with the Staverman-Guggenhem combinatorid term.
This gpproach dlows only a smal number of interaction parameters to be fitted for new
systems.
The Debye-Huckd term for the long range electrogtetic interactionsis
E
GDebye Huckel _ _ gn(1+b'\/—) b'\/—+ b | U (5)
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where X, is the mol fractlon and My, the molar mass of water. A is a congtant that in the
273.15 to 373.15 K range can be approximated by (Thomsen et d., 1996)

A=1.131-1.335" 10°%(T - 273.15)+1.164" 10°%(T - 273.15)° (6)
and b is a congant that depends on the size of the ions. For inorganic ions (~4 A) it can

be taken as 1.5 (kg mol')Y2. For the protein, with a size of ~40 A, b was taken as 15 (kg
mol )2, | isthe ionic strength given by

1,
| == 2
2ai. mz (1)

where m; isthe moldity of ion i and z its charge.

Unlike the charge of smple ions, the protein net charge and its dependence on
the pH is not easy to obtain, ether experimentaly or by cdculation, with accurecy. The
approach used in this work was to treat the protein net charge (Zpyotin) @ a fitting
parameter. A discusson on the physical sense of the fitted protein charges is presented
in the next section.

The activity coefficient for species 1, g is obtaned by patid molar
differentiation of the excess Gibbs energy according to
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Asusud with éectrolytes the asymmetrical convention is adopted in thiswork.
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Results

Usng the mode proposed above it was attempted to modd the activity
coefficients for agueous solutions of a-Chymotrypsn obtained from osmotic pressure
measurements (Haynes et d., 1992) to evauae its capacity. The asymmetric mold
activity coefficients are cadculated from the osmotic pressures following the approach of
Wills e d. (1993). From the osmotic pressure data, P, over the molar protein
concentration, G, it was possible to obtain the virial coefficients, B, using the equation

P

RT (1+Bc +B,C) +.. ) 9)
Solute mold activity coefficients dependence with the mold compogtion, m, ae given
by



Ing, =2C,m_ + §C3m§ (10)

The coefficients, Cy, are related to the virid coefficients, By, by

C,=(B,-n,M,)r, (11)

c, =(B,- 2B,n,M, +(0 M, )r? (12)
where n, and Mp represent the partid specific volume and the molecular weight of the
protein with vaues of 0.736 cm3/g (Agena et a., 1997) and 25651 g/mol (Berman et
al., 2000), and r isthe solvent dengty.

The data used have protein concentrations ranging from 0 to 9 g/L and pH's
ranging from 3 to 12 in 0.1 M Potassum Sulphate buffer (1=0.3 M) except for two cases
for which the buffer ionic grength, a pH=3, was 0.03 and 0.15 M. Information about
the a-Chymotrypsn compostion and dructure were obtained from Berman e d.
(2000). Theionisable groups present are reported in Table 1.

The pH dependency of the protein activity coefficient

The pH dependency of the protein solubility is wdl known and can be found in
any biochemigry textbook (Voet and Voet, 1995). It follows a U shaped curve with a
minimum solubility at the isodectric point that increases for both higher and lower
pH's The asymmericd mola activity coefficients obtained from osmotic pressure
measurements aso show this behaviour. The activity coefficients have vaues close to 1
near the isoelectric point decreasing with pH to both sides of the isod ectric point.

As discussed above the interaction parameters, uwy, for ions and water aready
avalable for the Extended UNIQUAC (Thomsen et al., 1996) were used on this work
without reestimation to minimize the number of parameters to fit. A parameter table for
the Extended UNIQUAC can be found in the work by Thomsen et d. (1996). To
prevent interferences of the eectrogtatic contribution on the optimised parameter values,
the UNIQUAC interaction Ea'ameters for the protein (protein-protein, protein-water,
protein-K* and protein-SO,;°) were fitted to the data available at isodectric point
(pH=8.25). The parameters obtained are reported in Table 2. Ther vaues indicate that
the interaction between the protein and ions are negligible. Further work is ill required
to support this result. Since the short-range interactions described by the resdud term
will remain the same over the entire range of pH the sat of parameters fitted a the
isoelectric point was used to describe the energetic interactions for al pH vaues.

The long-range interactions generated by the protein net charge and their
dependence with the pH are described by the Debye-Huckd term. As mentioned before
the protein net charge is not eadly avaladle with the exception of the isodectric point
and the very high and low pH region. For this reason it was decided to fit the protein
charge & each pH vaue The fitted vaues are presented in Figure 2. A comparison
between the experimentad and modd results for the activity coefficients reported in
Figures 3a and 3b shows the adequacy of the modd for the description of the non
idedlity of protein solutions. The proposed modd, compared to previous works (Agena
et d., 1997 and 1999), uses only a reduced number of parameters to describe the activity
coefficient data. These are the UNIQUAC interaction parameters reported on Table 2
plus the protein net charge fitted at each pH vaue.

Since the UNIQUAC interaction parameters ae pH independent the
(combinatorid plus resdud) term contributions to the activity coefficient are dways
identical to the vaues at the isodectric point (pH=8.25). The main contribution to the
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activity coefficient a pH's removed from the isodectric point is the Debye-Hucke
term, as can be seen in Figures 3a and 3b comparing the activity coefficients at different
pH vaues. This importance of the Debye-Huckd term is due to the large protein net
charge.

The fitted values of the net protein charge are compared in Figure 2 with the
vaues caculated assuming that the pKa's of the amino acids on the protein are the same
as the free amino acids. This approach is not exact. The pKas for amino acids in
proteins may differ from their free form values by as much as 3 pH units (Haynie, 1999)
and they are also dependent on the sdts present in solution (Voet and Voet, 1995).
Neverthdess this gpproach provides a far and smple estimate of the protein net charge
dependence with pH. The comparison between the fitted and the cdculated vaues
shows an excelent agreement between the two curves except for pH vaues between 4
and 7. This is probably due to the postion of some acidic amino acids in the protein
gructure thet are less available to the solvent and consequently more difficult to ionise.

The results presented show that the proposed mode can be used to describe the
activity coefficients for proteins if experimentd data a the isodectric point is available
to fit the short-range interaction parameters uy. If data at other pH vaues is avalable
the model can dso be used to describe the pH dependence of the activity coefficients by
fitting the protein net charge. Yet if this data is not avalable the proten net charge
asessed from the pKas of the free amino-acids can be used to predict the activity
coefficients for the protein a different pH vdues with a reasonable degree of
confidence. This is paticularly vaid for the extreme vaues of pH and aound the
isodlectric point where the caculated protein net charge is less prone to be affected by
amino-acids with pKa's subgantidly different from ther free-form vaues due to their
location within the protein.

lonic strength dependency of the protein activity coefficient

In the same way as for the pH, the ionic drength dependence of the protein
activity coefficients is wedl edablished (Voet and Voet, 1995). For very low <t
concentrations the protein solubility increases with increased sdt content creating the
salting-in region while for higher st concentrations the incresse in sdt content
promotes the precipitation of the protein in a phenomenon known as salting-out. This
originates the typicd dependency of the protein solubility curves with ionic srength
with the shape of a reverse U. In terms of activity coefficients a decrease is found in the
sting-in region followed by an increase in the region of sdting-out.

Predictions using the net charge and interaction parameters previoudy estimated
were done for the effect of the ionic srength on the solubility of the protein a pH =3.
Results shown in Figure 4 indicate that experimentally there is a decrease in the activity
coefficients between the ionic strengths of 0.03 and 0.15 M corresponding © a sAting-
in region followed by an increase between 0.15 and 0.3 M characterigtic of a sdting-out
region. The modd however describes a continuous decrease of the activity coefficients
as the ionic grength is reduced from 0.3 to 0.03 M. The 0.3 and 0.15 M systems are
wel described. It must be emphasized that the behaviour a 0.15 M is a pure prediction.
Yet the modd cannot describe the salting-in region and predicts activity coefficients for
ionic drengths of 0.03 M much lower than the experimenta vaues. This limitation may
be rdated to the protein-ion interactions that were taken as negligible as discussed
above. Studies to improve the modd for smultaneous description of the sdting-in and
sdting-out regions are being undertaken.



Temperature dependency of the protein activity coefficient

Proteins may present very different temperature dependence solubilities.
Cristopher et da. (1998) present results for a number of proteins with temperature
dependent solubilities including a number of proteins with retrograde solubility (the a-
Chymotrypsinogen may have such behaviour) and some proteins which solubility does
not seems to be dgnificantly affected by the temperature. Although the data for the
sysem under study is avalable only a 25 °C and the temperature dependence of the
protein behaviour in solution cannot be investigated or corrdated, the temperature
dependence of the Extended UNIQUAC parameters

u, =u? +ut (T - 298.15) (13)
should be able to describe any temperature dependence of the activity coefficents
within a reasonable temperature range.

Conclusions

A modified verson of the Extended UNIQUAC mode is proposed for proteins
and other polydectrolytes in agueous solution. The activity coefficients for a-
Chymotrypsin obtained from osmotic pressure measurements in a wide range of pH and
ionic strength were used to vdidate the proposed modd. The interaction parameters for
water and ions used were taken from Extended UNIQUAC tables and the protein
interactions were fitted to data at the isodectric point. The protein net charge was used
as a fitting pH dependent parameter but it was shown to be in close agreement to the
cdculated protein net charge. Due to the large protein net charge the Debye-Huckd is
the key term in the activity coefficent modd. A good description of the activity
coefficients is achieved over the entire pH region studied and the parameters estimated
alow for predictions of the protein behaviour on the sdlting out region.
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Table 1- Acid and basic groups on a -Chymotrypsin (Berman et d., 2000)

Basic groups Acid groups
Arginine 4 Tyrosine 4
Histidine 2 Cysteine 10
Lysine 14 Ac. Glutamic 5
NH2 terminal 1 Ac Aspartic 9
COOH terminal 1

Table 2- UNIQUAC interaction parameters, u, for a-Chymotrypsin estimated using
data a the isoelectric point.

I nter action parameter Parameter value [K]
Ua-Chymotrypsin/a-Chymotrypsin -348.96
Ua -Chymotrypsin/Water -56.1572
Ua-Chymotrypsi K 5311
Ua-Chymotrypsi n/SO42- 3011
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Fgure 1- Comparison between the Staverman-Guggenhem and Hory-Huggins
combinatorid terms for a - Chymotrypsin in agueous solution.
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Figure 2- Comparison between the fitted and estimated protein net charge pH
dependency.
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